Nontuberculous mycobacteria (NTM) are a major cause of opportunistic infections in immunocompromised patients, making the reliable and rapid identification of NTM to the species level very important for the treatment of such patients. Therefore, this study evaluated the usefulness of the novel target genes tuf and tmRNA for the identification of NTM to the species level, using a PCRrestriction fragment length polymorphism analysis (PRA). A total of 44 reference strains and 17 clinical isolates of the genus Mycobacterium were used. The 741 bp or 744 bp tuf genes were amplified, restricted with two restriction enzymes (HaeIII/MboI), and sequenced. The tuf gene-PRA patterns were compared with those for the tmRNA (AvaII), hsp65 (HaeIII/HphI), rpoB (MspI/HaeIII), and 16S rRNA (HaeIII) genes. For the reference strains, the tuf gene-PRA yielded 43 HaeIII patterns, of which 35 (81.4%) showed unique patterns on the species level, whereas the tmRNA, hsp65, rpoB, and 16S rRNA-PRAs only showed 10 (23.3%), 32 (74.4%), 19 (44.2%), and 3 (7%) unique patterns after single digestion, respectively. The tuf gene-PRA produced a clear distinction between closely related NTM species, such as M. abscessus (557-84-58) and M. chelonae (477-84-80-58), and M. kansasii (141-136-80-63-58-54-51) and M. gastri (141-136-117-80-58-51). No difference was observed between the tuf-PRA patterns for the reference strains and clinical isolates. Thus, a diagnostic algorithm using a tuf gene-targeting PRA is a promising tool with more advantages than the previously used hsp65, rpoB, and 16S rRNA genes for the identification of NTM to the species level.
There has been a recent increase in the number of reported infections caused by nontuberculous mycobacteria (NTM), mainly in immunocompromised persons [5, 33, 17] . Thus, the reliable and rapid identification of NTM to the species level is very important, especially for patient treatment and management, owing to differences in antimicrobial susceptibility depending on the NTM species [13] . Although extensive effort has already been made to develop effective methods for identifying NTM species, perfect discrimination using one target gene is still impossible, owing to the high degree of sequence homology between closely related NTM species and newly identified mycobacteria. Therefore, reference laboratories are constantly challenged to provide accurate and rapid identifications of NTM species from clinical isolates.
NTM can be categorized by the growth rate (slowly growing and rapidly growing species) and pigmentation (pigmented and nonpigmented species), which can provide helpful information for a preliminary broad classification of NTM. The conventional biochemical analysis is timeconsuming and has limited identification ability for newly described NTM [28] . As such, a commercial diagnosis kit (AccuProbe: GenProbe, Inc., San Diego, CA, U.S.A.) is also available for species identification, including specific DNA probes for a limited range of NTM (M. avium, M. intracellulare, M. kansasii, and M. gordonae), whereas a high-performance liquid chromatography (HPLC) analysis of mycolic acids is used for chemotaxonomic classification [7] , which is rapid and reliable, yet still limited in its ability to distinguish and requires special instruments. Thus, several researchers have recently reported on the feasibility of identifying NTM using a molecular diagnosis method, such as a PCR-restriction fragment length polymorphism analysis (PRA) or sequencing analysis, as these approaches can identify or group several NTM relatively quickly and simply. As a result, mycobacterial housekeeping genes, such as 16S rRNA [14] , 16S-23S rRNA internal transcribed spacer (ITS) [18] , hsp65 [6, 22] , rpoB [21] , and dnaJ [30] have been used with the PRA method, and 16S rRNA [8, 9] , dnaJ [34] , hsp65 [2, 19] , and sodA [2] have been used with a sequence-based phylogenetic analysis to identify Mycobacterium species. Recently, Mignard and Flandrois [23] reported the suitability of tmRNA (ssrA) and tuf genes as new phylogenetic markers for the classification of Mycobacterium species. The ssrA gene codes for tmRNA (transfer-messenger RNA, also known as 10Sa RNA) are versatile and highly conserved throughout eubacteria [12, 16] . Bacterial tmRNA (SsrA RNA) contributes to the degradation of incompletely synthesized peptides and the recycling of stalled ribosomes via a trans-translation process [11] . The tuf gene codes the elongation factor Tu (EF-Tu), which is an essential protein factor for the biological activity of tmRNA [4, 27] . Additionally, phylogenetic trees based on the tuf gene have shown a better resolving power than tmRNA [23] .
Accordingly, this study examined the feasibility and suitability of a PRA using the tuf and tmRNA genes for classifying NTM to the species level. Moreover, the PRA profiling was compared with that based on hsp65, rpoB, and 16S rRNA.
MATERIALS AND METHODS

Mycobacterial Strains and Growth Conditions
A total of 44 reference strains of the genus Mycobacterium were used in this study, including 29 from the American Type Culture Collection (ATCC), 14 from the Korean Collection for Type Cultures (KCTC), and M. bovis BCG Pasteur 1173P2. Seventeen clinical isolates were obtained from the Korean Institute of Tuberculosis (KIT) at the Korean National Tuberculosis Association in Seoul. All the mycobacterial strains were inoculated into both an LJ medium (BD Co., Sparks, MD, U.S.A.) and Middlebrook 7H10 agar enriched with 10% OADC (oleic acid, BSA, dextrose, and catalase) (BD Co.), and then cultured for 4 weeks at 28-37 o C. The strains used in this study are listed in Table 1 .
DNA Preparation and PCR Amplification
DNA was extracted from the mycobacterial strains using a simple boiling method according to Afghani and Stutman [3] with modifications. Briefly, a loopful of mycobacterial colonies from the cultures was suspended in 500 µl of distilled water and boiled for 10 min. After centrifugation at 13,000 rpm for 10 min, the supernatants were used as a template for the PCR amplification. All the primers used in this study for the tuf, tmRNA, hsp65, rpoB, and 16S rRNA gene-targeted PCR reactions and sequencing analyses are summarized in Table 2 . For the tmRNA amplification, a pair of primers was newly designed in this study from conserved regions based on multiple sequence alignments of all available mycobacterial tmRNA gene sequences, using the MegAlign program o C for 7 min. All the PCR products were electrophoresed on a 0.8% agarose gel and visualized with ethidium bromide under UV light. The PCR products were then purified using a QIAquick Gel Extraction Kit (Qiagen GmbH, Hilden, Germany) for the subsequent experiments.
Amplicon Sequencing Analysis
After purifying all the PCR amplicons from the mycobacterial strains, sequence analyses were conducted. Both strands were sequenced using the forward and reverse primers used for the tuf, tmRNA, hsp65, rpoB, and 16S rRNA targeted PCR amplification. The sequence data were further analyzed using BLASTN (http:// www.ncbi.nlm.nih.gov/BLAST), and the sites recognized by the restriction enzymes confirmed using the BioEdit Sequence Alignment Editor (Version 7.0).
PCR-Restriction Fragment Length Polymorphism Analysis (PRA)
The PCR products that were successfully amplified were then subjected to restriction enzyme digestion. The purified PCR amplicons from the tuf, hsp65, and 16S rRNA genes (4 µl each) were digested in a 10-µl reaction mixture with 5 units of HaeIII (Fermentas, Hanover, MD, U.S.A.) according to the manufacturer's instructions. The PCR amplicons from the Mycobacterium species that were not discriminated by HaeIII were then subjected to MboI (New England Biolabs, Beverly, MA, U.S.A.) digestion for the tuf genes and HphI (New England Biolabs) digestion for the hsp65 genes. The rpoB gene amplicons were digested with 5 units of MspI (New England Biolabs) as the first choice, followed by 5 units of HaeIII. Finally, the tmRNA gene amplicons were treated with 5 units of AvaII (New England Biolabs). After all the reactions, the restriction patterns were analyzed on a 4% Metaphore agarose gel (Lonza, Rockland, ME, U.S.A.) at 100 V for 1 h and 40 min, and the fragment sizes estimated using a 50-bp DNA ladder (Invitrogen, Carlsbad, CA, U.S.A.) as the standard size marker. The gels were stained with 0.5 µg/ml ethidium bromide and visualized under UV light. To construct an algorithm, all the restriction fragment sizes in the patterns were calculated based on the sequence data. Fragments smaller than 50 bp were excluded from the algorithm.
RESULTS
PCR Amplification
DNA was successfully amplified from all the mycobacterial strains tested, including a M. tuberculosis complex (M. tuberculosis and M. bovis), using the primers in Table 2 . The amplicon sizes differed slightly for the tuf (741 and 744 bp) (Figs. 1A and 1C), tmRNA (318-343 bp), hsp65 (439-441 bp), rpoB (350-378 bp), and 16S rRNA (461-481 bp) targeted PCR products from the mycobacteria tested. Moreover, tmRNA amplicons were produced for all the Mycobacterium species, yet an undesirable additional band (about 122 bp) was observed in M. chelonae and M. chelonae subsp. chelonae, owing to sequence similarities with the forward primers (data not shown).
Sequence Analysis
The sequences of the PCR products were analyzed using the public database BLASTN and MegAlign program. For the rpoB sequencing, the molecular signatures were revealed in the region between the first variable region and the second conserved region (Accession No. NC_000962.2, 759807-763325) in the amplicons [21] . Furthertmore, a 3 bp deletion was observed in M. gilvum, M. manitobense, Table 2 . Primers used for amplification and sequencing in this study. tuberculosis H37Rv 16S rRNA numbering) [32] . Moreover, the sequence data revealed that 1-2 bp insertions or 2-12 bp deletions were found in the 16S rRNA amplicons in most Mycobacterium species tested near the two variable regions.
Target gene Primer
PRA and Algorithm
HaeIII was selected as the first choice of restriction enzyme for the tuf, hsp65 [6, 14] , and 16S rRNA [14] amplification products. For the reference strains, the tuf gene PRA yielded 43 HaeIII patterns, with 35 (81.4%) showing unique patterns on the species level (Fig. 1B) . Meanwhile, the hsp65 and 16S rRNA gene PRAs yielded 32 (74.4%) and 3 (7%) unique patterns from the first digestion, respectively (data not shown). For the tmRNA amplicons, AvaII was selected as the first choice of restriction enzyme based on the sequence data, and 10 mycobacteria (23.3%) exhibited unique PRA patterns (data not shown). For the rpoB amplicons, MspI was selected as the first choice of restriction enzyme, as it is already known to have the most discriminative ability for the PRA method [21] , and 19 unique patterns (44.2%) were observed in this study (data not shown).
In the tuf gene PRA and algorithm, M. abscessus and M. bolletii (557/84/58) (Fig. 1B, lanes 1-2) , M. aurum (307/ (Fig. 1B, lanes 6-7) , M. senegalense and M. fortuitum subsp. fortuitum (226/107/105/84/80/58) (Fig. 1B, lanes  13 and 15) , and M. tuberculosis and M. bovis (253/141/80/ 63/51) (Fig. 1B, lanes 43-44) were not discriminated when using HaeIII digestion (Fig. 2) . Thus, to discriminate between these closely related mycobacteria, they were subjected to MboI digestion, which allowed successful discrimination between M. abscessus and M. bolletii (Fig. 4,  lanes 1 vs. 2) , M. aurum and M. neoaurum (Fig. 4, lanes  5 vs. 6) , and M. senegalense and M. fortuitum subsp. fortuitum (Fig. 4, lanes 7 vs. 9) . However, the M. tuberculosis complex (i.e., M. tuberculosis and M. bovis) could not be separated using MboI digestion (Fig. 4, lanes 10-11) owing to identical sequences. Although M. chelonae subsp. chelonae (477/84/80/63) and M. gallinarum (394/84/81/ The fragments after HaeIII and MboI digestion were calculated based on the sequencing data. The Mycobacterium species that were not distinguished after HaeIII or MboI digestion are represented in a square.
79/63) were discriminated by the algorithm (Fig. 2) , these species showed very similar PRA patterns with HaeIII digestion on a 4% Metaphore agarose gel (Fig. 1B, lanes  4-5) . However, MboI digestion readily distinguished M. chelonae subsp. chelonae (261/192/108/67) from M. gallinarum (315/192/67/60) (Fig. 4, lanes 3 vs. 4) . Similarly, the Mycobacterium species belonging to the M. fortuitum group, including M. senegalense, M. peregrinum, and M. fortuitum subsp. fortuitum, also displayed very similar tuf-PRA patterns with HaeIII digestion (Fig. 1, lanes 13-15) , yet MboI digestion easily discriminated M. senegalense from M peregrinum and M. fortuitum subsp. fortuitum ( Fig. 2; Fig. 4, lane 7 vs. lanes 8-9) . Meanwhile, the tuf-PRA and algorithm clearly distinguished closely related NTM species, such as M. abscessus (557-84-58) and M. chelonae (477-84-80-58) (Fig. 1B, lanes 1 vs. 3; Fig. 2) , and M. gastri (141-136-117-80-58-51) and M. kansasii I (141-136-80-63-58-54-51) (Fig. 1B, lanes 36 vs. 37; Fig. 2) with a single enzyme treatment of HaeIII. Thus, the tuf gene-targeting PRA was able to separate all the mycobacteria tested in this study, except for M. tuberculosis and M. bovis, using a two-step (HaeIII and MboI) enzyme digestion.
To verify this novel tuf-PRA method, the PRA profiles of the 17 clinical isolates of Mycobacterium species were compared with those of the reference strains, and found to match within the same mycobacterial species (Fig. 1D) .
DISCUSSION
The present study investigated the PRA method as a tool for discriminating Mycobacterium species, since its application is relatively fast, cheap, and simple to use in reference and hospital clinical laboratories. tuf and tmRNA are both conserved genes in the eubacterial genome [12, 16, 23] . Although the detection and identification of eubacteria using phylogenetic analyses with the tuf and tmRNA sequences have already been investigated [20, [23] [24] [25] [26] , the use of these genes with a PRA has not yet been explored. Therefore, to assess the viability of a PRA using tuf and tmRNA, an algorithm was first constructed for the identification of Mycobacterium species. The feasibility of using the mycobacterial tuf and tmRNA genes as molecular markers for a phylogenetic analysis was previously discussed by Mignard and Flandrois [23] , who constructed a tuf and tmRNA database for mycobacteria species that has been included in the BIBI database (Bioinformatics Bacterial Identification; http://umr5558-sud-str1.univ-lyon1.fr/lebibi/ lebibi.cgi) [10] . Although their tuf gene phylogenetic tree provided a higher resolving power than that of tmRNA, certain mycobacteria species, such as M. bolletii/M. abcessus, the M. chelonae-M. abscessus group, M. smegmatis group (M. smegmatis and M. goodii), and M. tuberculosis complex, showed the same or highly similar phylogenies in the tuf gene. Meanwhile, tmRNA sequences have been amassed in a tmRNA Web site (http://www.indiana.edu/ tmrna/) that contains 632 sequences from 514 species that contain bacteria, certain phages, and mitochondrial and plastidial genomes.
Therefore, the present study reanalyzed the mycobacterial tuf and tmRNA sequences to design new primers, select restriction enzymes for the PRA, and construct the algorithm. As the primers previously described by Mignard and The amplicons from the Mycobacterium species that could not be distinguished after HaeIII digestion on a gel (Fig. 1B) or the algorithm (Fig. 2 ) were incubated with MboI and then electrophoresed on a 4% Metapore agarose gel. Lane M contains size markers (50-bp DNA ladder).
Flandrois [23] for tmRNA amplification produced a few strong undesirable bands in Mycobacterium species, such as M. tuberculosis, M. bovis, M. gordonae, M. intermedium, and M. marium, etc. (data not shown), different regions were selected based on a multiple sequence alignment to design new primers for the tmRNA amplification, resulting in a single PCR amplicon in most mycobacteria, except for M. chelonae and M. chelonae subsp. chelonae. Meanwhile, a sequence analysis of the tuf and tmRNA genes found inserted nucleotides, representing molecular signatures, in the regions of the PCR amplicons. In the tuf gene, a 3 bp was inserted in the M. chelonae-M. abscessus group and M. bolletii, as first described by Adékambi et al. [1] , and it shared a 100% 16S rRNA and 95.6% rpoB gene sequence similarity with M. abscessus, whereas in the tmRNA, the M. terrae complex (M. terrae and M. nonchromogenicum) revealed a 24 bp insertion (Fig. 3) . Therefore, these sequence insertions provided good markers for discrimination. Although M. triviale belongs to the M. terrae complex, it did not exhibit the 24 bp insertion (Fig. 3) . However, Stahl and Urbance [29] previously showed that although M. terrae and M. nonchromogenicum diverged from a common line, M. triviale diverged from a different line as regards its 16S rRNA phylogeny.
In the present study, the PRA targeting the 741 and 744 bp fragments of the tuf gene had the most distinct resolving power when compared with the PRAs targeting other genes. As such, the tuf-PRA was able to differentiate 81.4% of the Mycobacterium species using HaeIII digestion alone ( Figs. 1  and 2 ), and the use of another restriction endonuclease, MboI, proposed unique RFLP patterns for all the mycobacteria tested, except for the M. tuberculosis complex (M. tuberculosis and M. bovis). In contrast, the tmRNA-PRA had a much lower distinction power for Mycobacterium species (23.3% vs. 81.4%), and only a single digestion enzyme, AvaII, was used, as there were no suitable enzyme cutting sites to increase the resolving power. Furthermore, when reanalyzing the usefulness of a PRA using the mycobacterial hsp65, rpoB, and 16S rRNA genes, the resolving power of the hsp65-PRA with HaeIII showed the most similar discrimination ability to the tuf-PRA (74.4% vs. 81.4%). The hsp65-PRA fragment identified by Telenti et al. [31] is the most widely used sequence for identifying RGM (rapidly growing mycobacteria), and is known to be highly accurate for the M. fortuitum group, M. chelonae-abscessus group, and M. smegmatis group [5] . Meanwhile, the rpoB gene encodes the β subunit of bacterial RNA polymerase, and has also been used for the molecular identification of Mycobacterium species by several researchers [1, 2, 21] . However, in this study, the rpoB-PRA with single MspI digestion showed a low resolution power (44.2%). For example, the novel species M. bolletii was not discriminated from M. abscessus, the closest species, in the rpoB-PRA patterns when using both MspI and HaeIII. In addition, the rpoB-PRA was unable to discriminate the members of the M. fortuitum group: M. fortuitum type II, M. peregrinum, and M. senegalense. Although 16S rRNA is commonly used for mycobacterial identification using a sequence analysis focused on two hypervariable sequences [32] , some mycobacteria of recent divergence, such as M. szulgai and M. malmoense, have highly similar 16S rRNA gene sequences, and M. chelonae cannot be differentiated from M. abscessus [13] . Thus, even though a 16S rRNA sequence analysis is still one of the best approaches for identification, the results for the 16S rRNA-targeted PRA did not compare satisfactorily with those for the tuf, hsp65, and rpoB targeted PRAs.
In the present study, a tuf-PRA was performed using clinical isolates, representing 7 species (17 strains) that are the most frequently isolated mycobacteria from clinical specimens in Korea [15] . No difference was observed between the tuf-PRA patterns for the reference strains and clinical isolates for the same mycobacterial species, as shown in Figs. 1B and 1D. However, since the efficacy of the tuf-PRA profiles was only evaluated for a limited number of mycobacterial references strains and clinical isolates, further studies are needed to extend the application of the novel diagnostic algorithm to other clinical Mycobacterium species.
In conclusion, a tuf gene-targeting PRA was demonstrated to be the most successful molecular tool for the discrimination of Mycobacterium species when compared with other target genes, including tmRNA, hsp65, rpoB, and 16S rRNA. None of the PRA-targeted genes were able to differentiate between the members of the M. tuberculosis complex. Thus, a tuf-PRA would appear to be a very promising method for the rapid and reliable identification of NTM to the species level in clinical and reference laboratories.
